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Abstract
We present a study of the central exclusive production of light meson pairs, con-
centrating on the region of lower invariant masses of the central system and/or meson
transverse momentum, where perturbative QCD cannot be reliably applied. We de-
scribe in detail a phenomenological model, using the tools of Regge theory, that may
be applied with some success in this regime, and we present the new, publicly avail-
able, Dime Monte Carlo (MC) implementation of this for pipi, KK and ρρ production.
The MC includes a fully differential treatment of the survival factor, which in general
depends on all kinematic variables, as well as allowing for the so far reasonably un-
constrained model parameters to be set by the user. We present predictions for the
Tevatron and LHC, discuss and estimate the size of the proton dissociative background,
and show how future measurements may further test this Regge–based approach, as well
as the soft hadronic model required to calculate the survival factor, in particular in the
presence of tagged protons.
1 Introduction
The study of central exclusive production (CEP) processes of the type
pp(p¯)→ p+X + p(p¯) , (1)
can significantly extend the physics programme at high–energy hadron colliders. Here X
represents a system of invariant mass MX , and the ‘+’ signs denote the presence of large ra-
pidity gaps. Such reactions provide a very promising way to investigate both QCD dynamics
and new physics in hadron collisions, with there recently being a renewal of interest in the
CEP process, see for example [1–3] for reviews and further references.
One particularly interesting example of such processes is the exclusive production of
light meson pairs (i.e. X = M3M4 = pipi,KK, ρρ, η(
′)η(′)...). This has been the focus of
recent studies in [4–6], where a perturbative approach, combining the pQCD based ‘Durham
model’ of the CEP process (see e.g. [7] and references therein) with the ‘hard exclusive’
formalism described in [8] (see also [9]) to calculate the gg → M3M4 amplitude, was applied.
As summarised in [6], such an approach, which should be valid at sufficiently high meson
transverse momentum k⊥ (and/or pair invariant mass MX), leads to some very non–trivial
phenomenological predictions, while the corresponding gg →M3M4 helicity amplitudes have
some remarkable theoretical features.
However, the study of meson pair CEP in fact has a long history, which far predates
this approach [10–13] (see also [14–16] for references and recent studies). In these cases, the
production process was instead considered within the framework of Regge theory (see for
example [17] for an introduction), with the meson pair produced by the exchange of two
Pomerons in the t–channel, as shown in Fig. 1. Such a ‘non–perturbative’ picture should be
relevant at lower values of the meson transverse momentum k⊥, where the cross sections are
largest, and may be particularly important for the case of flavour–non–singlet mesons (pipi,
KK...), for which the perturbative contribution is expected to be dynamically suppressed,
see [4]. At lower meson invariant masses MX . 2 GeV there will also in general be a host
of different resonances which lie on top of, and interfere with, this continuum contribution;
the production of lower mass resonances was recently examined in for example [18], while
in [14] the continuum background to the production of the higher mass χc(0,2) states via two–
body pi+pi−, K+K− decays was considered. Moreover, we may expect data on the CEP of
meson pairs to be forthcoming from CMS [19], CMS+Totem [20–22], ATLAS+ALFA [23,24],
RHIC [25], and LHCb [26], while the results of the new analysis of the CDF data at
√
s = 900
and 1960 GeV have been presented in [27, 28].
For these reasons it is important to give a careful theoretical consideration to meson pair
production in this experimentally most accessible regime. In this paper we consider a phe-
nomenological model, outlined in [14], and show how the undetermined aspects of such a
model can be constrained by the forthcoming and existing data, which in this way can serve
as a probe of such a Regge–based framework. We will also show how the observation of CEP
processes, such as meson pair production, in the presence of tagged protons, can act as a very
sensitive test of the models of soft diffraction, see e.g. [29–31] and [32,33], which are needed
to calculate the ‘survival probability’ for no additional soft rescattering between the collid-
ing protons, as well as providing a description of other hadronic (total, elastic, diffractive)
scattering data. In particular, a measurement of the distribution in azimuthal angle between
the outgoing intact protons can provide a fully differential test of the soft survival factors.
Such measurements are under consideration at the LHC, with the CMS+Totem [20–22] and
ATLAS+ALFA [23, 24] detectors, in particular during special low luminosity running con-
ditions, and are already being made at RHIC by the STAR collaboration [25] and by the
2
COMPASS fixed–target experiment at CERN [34].
Motivated by this, we present in this paper the new public Dime Monte Carlo [35] for
meson pair (pipi,KK, ρρ) CEP via this non–perturbative mechanism. We give the user free-
dom to set the most important aspects and parameters of the model, so that these can be
compared with and adjusted to future data. We also include the soft survival factor at the
fully differential level, which (as described in e.g. [7]) is crucial to give a complete prediction,
in particular when considering the kinematic distributions of the outgoing protons.
Finally, we note that, with the exception of the dedicated TOTEM + CMS measure-
ments [20–22], the LHC experiments have so far studied CEP processes without the use of
forward spectrometers to tag the outgoing intact protons, instead applying a Large Rapid-
ity Gap (LRG) veto on additional particles in a certain rapidity region. Although this can
be used to select a reasonable fraction of purely exclusive events, in general certain regions
in the forward/backward directions are uninstrumented, and so there is always a possibil-
ity of an admixture of events in which the proton dissociates into a hadronic system, with
the secondaries from this system not seen in the detector. This contribution will lead to a
larger measured cross section than the theoretical predictions for CEP, which assume that
the outgoing protons remain intact. This contamination may be particularly important in
the case that some suppression is expected in the purely exclusive cross section, due to for
example the JPz = 0
+ quantum number selection rule (see [14] for some discussion of this in
the case of χc2 production). For this reason, we we will also discuss and present estimates in
this paper for the expected size of the proton dissociative contamination in events selected
experimentally with a large rapidity gap veto.
The outline of this paper is as follows. In Section 2 we describe the different aspects of
the model, considering the choice of form factor for the meson–Pomeron coupling in Sec-
tion 2.1, the possibility of additional particle production in the Pomeron fusion subprocess in
Section 2.2, Reggeization of the t–channel meson exchange in Section 2.3, secondary Reggeon
contributions in Section 2.4 and soft survival effects in Section 2.5. In Section 3 we describe
in more detail the DimeMC, which implements the model described in the preceding sections.
In Section 4 we present a selection of numerical predictions, and discuss the possibilities for
measurements at hadron colliders. In Section 5 we discuss the issue of proton dissociation,
as described above. Finally, in Section 6 we conclude.
2 Theory
The model we will consider in this paper applies the well–established tools of Regge the-
ory [17], and is represented in Fig. 1. In this ‘one–meson exchange’ model (see for in-
stance [11, 12, 36]) the mesons are produced via Pomeron–Pomeron fusion, with an interme-
diate off–shell meson exchanged in the t–channel. The CEP cross section is given by
σCEP =
1
16pi(16pi2)2
∫
dp21⊥dp
2
2⊥dy3dy4dk
2
⊥
|M|2
s2
, (2)
3
Figure 1: Representative diagram for the non-perturbative meson pair (M3, M4) CEP mech-
anism, where M∗ is an intermediate off-shell meson of type M . Eikonal and (an example of)
enhanced screening effects are indicated by the shaded areas.
where
√
s is the c.m.s. energy, p1⊥, p2⊥ are transverse momenta of the outgoing protons, k⊥
is the meson transverse momentum and y3,4 are the meson rapidities. Ignoring secondary
Reggeon contributions and soft survival effects for simplicity (these will be discussed in the
sections which follow), the production amplitude, M, is given by the sum M =Mtˆ +Muˆ
of the t and u–channel contributions, with tˆ = (P1 − k3)2, uˆ = (P1 − k4)2, where Pi is the
momentum transfer through Pomeron i, and k3,4 are the meson momenta. We have
Mtˆ =
1
M2 − tˆFp(p
2
1⊥)Fp(p
2
2⊥)F
2
M(tˆ)σ
2
0
(
sˆ13
s0
)αIP (p21⊥)( sˆ24
s0
)αIP (p22⊥)
, (3)
where M is the meson mass, we take s0 = 1GeV
2 and αIP (p
2
i⊥) = 1.08 − 0.25 p2i⊥, for p2i⊥
measured in GeV2 [37], and sij = (p
′
i + kj)
2 is the c.m.s. energy squared of the final–state
proton–meson system (ij). The proton form factors are usually taken for simplicity to have
an exponential form, Fp(ti) = exp(Biti/2), as was assumed in the previous work of [14],
however as we shall see, the latest fit of [30] for the soft survival factor suggests a different
parameterization should be taken, see Section 2.5. We can see from (3) that the cross section
normalisation is set by the total meson–proton cross section σtot(Mp) = σ0(sij/s0)
α(0)−1 at
the relevant sub–energy; the factor σ0 can be extracted for example from the fits of [37].
While this is therefore well constrained for the cases of pipi and KK production, there remain
other elements and possible additions to the model, which as we shall see are in general
quite poorly constrained by the relatively limited available ISR data. These are: the form
factor FM(tˆ) in (3) of the Pomeron coupling to the off–shell meson, the possibility to produce
additional particles in the Pomeron fusion subprocess, and the effect of Reggeization of the
meson exchange in the t–channel. We will consider each of these in turn, before discussing
the inclusion of secondary Reggeons and soft survival effects.
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2.1 Off–shell meson form factor
The FM(tˆ) in (3) is the form factor for the coupling of the Pomeron to the outgoing meson and
the off–shell t–channel meson exchange. Unfortunately no direct measurement of this form
factor for light mesons exists: we will see that data from the ISR place some constraint but
nonetheless the shape of the form factor, in particular at higher values of |tˆ|, is unknown. We
therefore treat it as a phenomenological input in our model, and will consider for concreteness
three different possibilities
F expM (tˆ) = exp
(
bexptˆ′
)
, (4)
F orM (tˆ) = exp(−bor
√
−tˆ′ + a2or + aorbor) , (5)
F powM (tˆ) =
1
1− tˆ′/bpow
, (6)
where tˆ′ = tˆ−M2, and M is the meson mass. That is, a typical ‘soft’ exponential, a power–
like behaviour, and a form of the type proposed by Orear [38]. Such ‘Orear–like’ behaviour
dσel(pp)/dt ∝ exp(−b
√−t) was observed experimentally [38] in the case of proton–proton
scattering at relatively large |t|, and so we might expect to see a similar type of behaviour
here. Theoretically, it was shown in [39] that this behaviour may result from the contribu-
tion of a series of diagrams with different numbers of exchanged Pomerons/Reggeons (i.e.
multi–Reggeon cuts). Assuming a ‘soft’ exponential behavior (∼ exp(Bt)) for one–Reggeon
exchange we get an n–times smaller slope (∼ exp(Bt/n)) for the n–Reggeon exchange am-
plitude, and the sum of these contributions may be described by an Orear–like form factor
(see also [40]). Thus (5) may be considered as an ‘effective’ form factor, containing the con-
tribution of a more complicated set of diagrams (i.e. with additional exchanges between the
outgoing mesons in the t–channel) which are not included explicitly in the calculation. We
replace
√−t in (5) by √−t + a2or in order to keep the analytic properties of the amplitude,
in particular under t↔ s crossing.
All form factors are defined so that they reach unity if the squared 4–momentum transfer
is equal to the meson mass squared M2. In Section 4 we will show how a comparison to
ISR data for exclusive pi+pi− and K+K− production allows some approximate values for
the parameters (bexp, bor, aor, bpow) to be extracted. However, as we will see in Section 4 the
choice of form factor leads to dramatically different behaviour at higher |tˆ|, beyond the region
probed by the ISR data. Moreover, we note that these relatively simple phenomenological
forms (4)–(6) may not be expected to hold across the entire |t′| range, for example when the
meson transverse momentum, k⊥, becomes sufficiently high, and the ‘perturbative’ regime
is reached, where the description discussed in [4–6] should be relevant. These therefore
represent our best educated guesses for the off–shell meson form factor, the validity of which
is to be determined by comparison to future collider data.
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2.2 Additional particle production
A correction we may consider to the simple model of (3) is the suppression which comes
from the requirement that no additional particles are produced in the meson pair produc-
tion process, that is due to screening corrections; in terms of the Reggeon formalism these
absorptive corrections are described by the exchange of additional (one or more) Pomerons
in the diagram shown in Fig. 1. First, there is the exchange between the two incoming (out-
going) protons: this is just the usual ‘eikonal’ survival factor Seik, which we will discuss in
Section 2.5. In addition to this, we have the possibility of rescattering between the protons
and the outgoing mesons. However, as discussed in more detail in [14], such an interaction
is either suppressed by the small phenomenological value of the triple–Pomeron coupling in
the case of proton–Pomeron rescattering, or by the small size of the produced ‘half–dressed’
mesons ∼ 1/√sˆ in the case of proton–meson rescattering. Such effects will therefore be
ignored in what follows, and in particular in the Dime MC.
We must also in principle consider the possibility of additional meson–meson rescattering,
that is due to final–state interactions. However, as the meson pair production time in Fig. 1
is practically instantaneous (∼ 1/√sˆ), while a much longer time (∼ √sˆ/M2) is needed for
the formation of a Reggeon by the secondary meson, there is insufficient time for a Reggeon
emitted by one meson to interact with the other. More formally, this can be understood from
the fact that, as shown by Mandelstam [41], the leading s contribution in the case of additional
Reggeon exchange comes from non–planar diagrams and not from planar graphs, of the type
discussed in [42], and to which such a final–state meson–meson interaction corresponds. We
refer the reader to [14] for a more detailed discussion of this.
However, following [4, 14], it may be necessary to introduce an additional suppression
factor of the form ∼ exp(−n(sˆ)) to the cross section, corresponding to the small Poisson
probability not to emit other secondaries in the IPIP → M3M4 process at the initial meson
pair production stage (rather than being due to final–state interactions between the mesons).
Here n(sˆ) is the mean number of secondaries. We expect this to grow with the Pomeron-
Pomeron energy, sˆ = (P1 + P2)
2, as n ≃ c · ln(sˆ/s0), with the coefficient c ∼ 0.5 − 1,
see [4]. This factor may be described as the Reggeization of the meson M∗ exchange, which
means that we now deal with non–local meson–Pomeron vertices and the t–channel meson
M∗ becomes a non–local object, i.e. it has its own size. More precisely for the case of pipi
CEP we can take
n(sˆ) = 0
√
sˆ < Mf2(1270) ,
n(sˆ) = c ln
(
sˆ
s0
) √
sˆ ≥Mf2(1270) , (7)
with s0 = M
2
f2(1270)
. We take c = 0.7 as a default value for definiteness, but we note that
different choices are certainly possible. In this way, we account for the fact that we expect
no additional suppression in the lower mass resonance region, where additional interactions
at the meson pair production stage lead mainly to the formation of resonances and not to
the production of new secondaries.
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A similar although slightly modified procedure is taken for the case of K+K− CEP.
In particular, we replace Mf2(1270) in (7) with Mf2(1525), and account for the fact that we
should expect the number of secondaries n(sKK) to be a function of the free energy, Efree =
MKK − 2MK , available for the creation of secondary particles, which can be numerically
important because of the larger kaon mass MK . In both cases the parameter c in (7) defines
the strength of this additional ‘Poisson suppression’, and can in principle be extracted from
data, i.e. by measurements of the meson pair invariant mass distribution, although this is
also sensitive to the form of the off–shell meson form factor described above, as we will see
in Section 4.
2.3 Reggeization of the exchanged meson
In principle, as sˆ increases, we may have to account for the fact that the exchanged object in
the t–channel is not a simple meson but can correspond to a whole family of exchanges; that
is, the Reggeization of the intermediate meson. In such a case we may replace the meson
propagator by1
1
tˆ−M2 →
1
tˆ−M2
(
s
s0
)αM (tˆ)
, (8)
where αM(tˆ) is the Regge trajectory to which the exchanged meson belongs. However, some
care is needed here, as it is not sufficient that the meson pair invariant mass
√
sˆ should
simply be large enough for such a description to be valid: rather, Reggeization occurs in
the strongly ordered regime sˆ ≫ |tˆ|, and so if we have |tˆ| ∼ sˆ at large sˆ we cannot expect
the replacement of (8) to be justified. Indeed, for the experimentally relevant regime where
the mesons are required to be produced quite centrally we may expect to be dominantly in
this |tˆ| ∼ sˆ regime, with meson Reggeization becoming more important as the separation
in rapidity between the mesons increases. To account for this, we may instead make the
replacement
1
tˆ−M2 →
1
tˆ−M2 exp(αM(tˆ)|yM3 − yM4|) , (9)
where yM3,4 are the rapidities of the produced mesons. This has the correct Regge asymptotics
in the |tˆ| ≪ sˆ regime, while giving no correction as the rapidity separation between the mesons
tends to zero (i.e. for |tˆ| ∼ sˆ), as it must2. However, some care must still be taken, as the
standard linear parameterization of the trajectory αM(tˆ) = αM(0)+α
′
M t can only be trusted
for lower values of |tˆ| . 1GeV2. Here, we choose to simply freeze the trajectory αM(tˆ)
for |t| > 1GeV2, but clearly there is a significant uncertainty in how to correctly include
such an effect in the |tˆ| & 1GeV2 region. More generally, it is not clear that this effect of
1Sometimes in the literature a different form for the tˆ–dependence of the Reggeized meson exchange is
used, see for example Eq (17) of [43], however our formulation is equivalent to this up to the (unknown)
meson form factor FM (tˆ), and so amounts to a simple redefinition of this object.
2We note that (9) can also be interpreted as the resummation of leading ln(1/x) contributions which may
be enhanced with increased rapidity separation of the mesons.
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meson Reggeization will be important in the relevant kinematic regime, when the mesons
are produced relatively centrally, without a large separation in rapidity between them: as we
will describe later, we allow the option to include this effect, in the way described above, in
the new Dime MC, but by default it is not included.
2.4 Secondary Reggeons
As well as the case of Pomeron exchange shown in Fig. 1, we must in general allow for the
possibility of secondary Reggeon exchange between the protons and the produced mesons.
This contribution will be subleading for sufficiently high c.m.s. energy squared s, but will
not necessarily be completely negligible for the experimentally relevant region, in particular
because in (3) the relevant subenergies sˆ13, sˆ24 ∼ MX
√
s (and not s). Moreover, we will
present a comparison in Section 4 to ISR data, at
√
s = 62 GeV, where it is crucial to
include such secondary Reggeons.
Considering the case of pi+pi− production, to achieve this in (3) we must make the re-
placement
iσ0
(
sˆ13
s0
)αIP (p21⊥)
→ ηIPσIP0
(
sˆ13
s0
)αIP (p21⊥)
+ (ηf σ
f
0 ± ηρ σρ0)
(
sˆ13
s0
)αIR(p21⊥)
(10)
where the ‘±’ corresponds to the case that particle 3 is a pi±, with a similar replacement
made for the (ij) = (14) interaction. The ηi are the signature factors of the IP , f2 and ρ
trajectories, given by ηIP ≈ i, ηρ = −i−tan(piαIR(0)/2) and ηf = i−cot(piαIR(0)/2) while the
normalisation factors σi0 can be extracted from the fit of [37] to the pi
±p cross sections. This
gives σf0 = 31.79 mb and σ
ρ
0 = 4.23 mb, while σ
IP
0 =13.63 mb. For K
+K− production we
have σf2+a20 = 17.255 mb, σ
ρ+ω
0 = 9.105 mb and σ
IP
0 =11.82 mb. Finally, the leading Reggeon
trajectory is given by [37]X
αIR(t) = 0.55 + 0.93 t , (11)
where t is measured in GeV2. We have also made the simplifying assumption that the form
factor Fp(t) for the Reggeon–proton coupling is the same as in the Pomeron case.
2.5 Soft survival effects
As discussed in Section 2.2, we must account in our cross section calculation for the possibility
that the colliding protons can interact in addition to the meson pair production process,
spoiling the exclusivity of the final state. The probability that there is no additional proton–
proton rescattering3 is known as the ‘eikonal’ survival factor S2eik, see for example [44–47]
for more details. As discussed in [7], this factor is not a simple multiplicative constant, but
rather depends on the distribution in impact parameter space of the colliding protons. In
3We note that the discussion below is identical for the case of anti–protons.
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particular, in the simplest ‘one–channel’ model, see e.g. [48] , which ignores any internal
structure of the proton, we can write the average suppression factor as
〈S2eik〉 =
∫
d2b1t d
2b2t |M(s,b1t,b2t)|2 exp(−Ω(s, bt))∫
d2 b1td2b2t |M(s,b1t,b2t)|2 , (12)
where bit is the impact parameter vector of proton i, so that bt = b1t + b2t corresponds
to the transverse separation between the colliding protons, with bt = |bt|. M(s,b1t,b2t)
is the CEP amplitude (3) in impact parameter space, and Ω(s, bt) is the proton opacity.
Physically, exp(−Ω(s, bt)) represents the probability that no inelastic scattering occurs at
impact parameter bt.
While the rescattering probability only depends on the magnitude of the proton trans-
verse separation bt, the hard matrix element may have a more general dependence. More
specifically, M(s,b1t,b2t) is the Fourier conjugate of the CEP amplitude (3), i.e. we have
M(s,p1⊥,p2⊥) =
∫
d2b1t d
2b2t e
ip1
⊥
·b1te−ip2⊥ ·b2tM(s,b1t,b2t) , (13)
where the minus sign in the p2⊥ ·b2t exponent is due to the fact that the impact parameter bt
is the Fourier conjugate to the momentum transfer q = p1⊥−p2⊥ . We can therefore see that
(12) is dependent on the distribution in the transverse momenta pi⊥ of the scattered protons,
being the Fourier conjugates of the proton impact parameters, bit. This connection can be
made clearer by working instead in transverse momentum space, where we should calculate
the CEP amplitude including rescattering effects, T res, by integrating over the transverse
momentum k⊥ carried round the Pomeron loop (represented by the grey oval labeled ‘S
2
eik’
in Fig. 1). The amplitude including rescattering corrections is given by
Mres(s,p1⊥ ,p2⊥) =
i
s
∫
d2k⊥
8pi2
Mel(s,k2⊥)M(s,p′1⊥ ,p′2⊥) , (14)
where p′1⊥ = (p1⊥ −k⊥) and p′2⊥ = (p2⊥ +k⊥), whileMel(s,k2⊥) is the elastic pp scattering
amplitude in transverse momentum space, which is related to the proton opacity via
Mel(s, t) = 2s
∫
d2bt e
iq·bt Mel(s, bt) = 2is
∫
d2bt e
iq·bt
(
1− e−Ω(s,bt)/2) , (15)
where t = −k2
⊥
. We must add (14) to the ‘bare’ amplitude excluding rescattering effects to
give the full physical amplitude, which we can square to give the CEP cross section including
eikonal survival effects
dσ
d2p1⊥d
2p2⊥
∝ |M(s,p1⊥,p2⊥) +Mres(s,p1⊥,p2⊥)|2 , (16)
where here (and above) we have omitted the dependence of the cross section on all other
kinematic variables for simplicity. In this way the expected soft suppression is given by
〈S2eik〉 =
∫
d2p1⊥ d
2p2⊥ |M(s,p1⊥,p2⊥) +Mres(s,p1⊥ ,p2⊥)|2∫
d2p1⊥ d
2p2⊥ |M(s,p1⊥,p2⊥)|2
. (17)
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It can readily be shown that (12) and (17) are equivalent. As we expect, the soft suppression
factor depends on the proton transverse momenta, and so may have an important effect on
the distribution of the outgoing proton p⊥i, via (16). A simplified approach, where the soft
survival suppression is simply included in the CEP cross section as an overall constant factor
will completely omit this effect. We make use of this formulation, in particular (16), in the
Dime MC to give a full account of the survival factor and its effect on the distributions of
outgoing proton momenta, which will be crucial in the presence of proton tagging. We will
show in Section 4 that the interference between the ‘screened’ and ‘bare’ amplitude in (16),
given by (14) and (3), respectively, can in particular lead to some interesting diffractive dip
phenomena, as was initially observed in [44] (see also [49, 50]).
Finally, we note that the formalism described above is only valid within the ‘one–channel’
framework, which considers the pure elastic case, where the proton state is the correct degree
of freedom for hadron–hadron scattering. More realistically, in particular to account for
the possibility of (low mass) diffractive dissociation p → N∗, a more sophisticated ‘multi–
channel’ framework is required, in which the incoming proton is considered to be in a coherent
superposition of so–called diffractive eigenstates, which can each be described by the above
one–channel framework. The above formalism therefore still corresponds to the basic physics
input into the model of soft diffraction that we use; the extension to the multi–channel case
can be achieved in a quite straightforward manner, and is described in detail in [44–46]. We
will make use of the two–channel model of [30] to calculate the eikonal survival factor. In
this fit, the coupling of the Pomeron to the diffractive eigenstate i = 1, 2 is parameterized as
Fi(t) = exp(−(bi(ci − t))di + (bici)di) , (18)
where the bi, ci, di are extracted from data on hadronic scattering, and are given in [30]. To
be consistent, we must then use this in our calculation of the ‘bare’ CEP amplitude (3), i.e.
for the proton form factor Fp(t).
3 Dime MC
We have implemented the model described in Section 2 for exclusive meson pair production
via double Pomeron/Reggeon exchange in the new Dime Monte Carlo, which is available
via the HepForge webpage [35]. The basic amplitude is given by (3) (with the replacement
of (10)), while the user can set the possible extensions and input parameters described in
Sections 2.1–2.3. Specifically, the three different choices for the off–shell meson form factors
(4–6) are available, and the parameters (bexp, bor, aor, bpow) may be set as input, with the
default values given according to the comparison with ISR data described in Section 4. The
Poisson suppression factor (7) due to the requirement that no additional particles may be
produced in the IPIP → M3M4 subprocess can be included or omitted, and the parameter c
can be set by the user, with the default given as described in Section 2.2. Reggeization of
the intermediate off–shell meson exchange, given by the approach described in Section 2.3,
is also available. Finally, soft survival effects are implemented as described in Section 2.5,
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including the full dependence on the p⊥i of the outgoing protons, according to the new models
described in [30]: a choice between any of the four models, as given by in Table 2 of [30], is
available to the user.
Currently, the Dime MC implements pi+pi−, K+K−, pi0pi0, K0K0 and ρ0(770)ρ0(770)
production. In the ρ0ρ0 case the mesons are decayed via ρ0 → pi+pi−, including the finite
ρ0 width, according to phase space only
4, while the factor σ0 in (3) is set by default to the
reasonable guess σIP0 = 10mb, i.e. of order the pi
+pi− cross section, but taking a lower value
due the larger ρ0 mass. This somewhat arbitrary input is necessary due to the lack of ρ0p
scattering data with which to set the normalization (another reasonable choice may be to
take σIP0 =13.63 mb as in pi
±p scattering [37]). For ρ0ρ0 production, secondary Reggeons are
not included and any spin effects are currently ignored in the production subprocess. Given
the relative uncertainty in the ρ0ρ0 cross section normalisation, we also currently omit any
effect from additional particle production, described in Section 2.2, although this could in
principle be included in the future.
4 Numerical results
4.1 Comparison to ISR data
In this section we compare the predictions5 of this phenomenological model, described in the
previous sections and implemented in the new Dime MC [35], with the existing low–energy
ISR (
√
s = 62 GeV) data on pi+pi− [51] and K+K− [52] CEP. In Figs. 2 and 3 we compare our
predictions for the pi+pi− and K+K− invariant mass distributions with this ISR data, taking
the three choices of meson form factor FM(tˆ) described in Section 2.1, calculated with model
1 of [30] for the eikonal survival factor, and with no meson Reggeization included. Fig. 2
(left/right) shows the prediction with the Poisson suppression ( refspipi) included/excluded,
while in Fig. 3 it is included. For a particular choice of parameters defined in (4–6), we can
see that the non–resonant contribution to the data appears to be described reasonably well:
we take these values, given in Table 1, as the default ones in Dime MC, and will use them
in what follows, to present some representative predictions. However, it should be strongly
stressed that a very precise comparison and extraction of these parameters is quite difficult
from this somewhat limited data set. Firstly, most of the data lie in the resonant region:
our model predictions only correspond to the non–resonant contribution to the experimental
cross section, while for pi+pi− production the Mpipi < 2 GeV region includes contributions
from a number of resonances (f2(1270), f0(1370), f0(1500), f
′
2(1525), f2(1950),...) which
4A more complete treatment should account for the different ρ polarization states, which may in general
have distinct form factors FM (tˆ), however given the lack of information about these we choose to ignore such
possible polarization effects in the current version of the MC.
5Unfortunately in all numerical results which follow, the bare cross sections were not normalized consis-
tently with the two–channel model described in Section 2.5. All absolute cross section predictions presented
in this paper should therefore be multiplied by a factor of 1.2, although the qualitative conclusions remain
unchanged.
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bexp [GeV
−2] aor [GeV
−1] bor [GeV
−1] bpow [GeV
2]
0.45 0.71 0.91 1.7
Table 1: Parameters for different choices of meson off–shell form factor (4–6), extracted from
ISR data [51, 52].
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Figure 2: Invariant mass distributions for pi+pi− CEP at
√
s = 62 GeV, compared to CERN–
ISR data [51]. The theory curves are calculated as described in the text, using the three
different parameterizations of the meson form factor FM(tˆ) given in Section 2.1. In the
left/right figure the Poisson suppression described in Section 2.2 is included/excluded. In all
cases, the pions are restricted to lie in the rapidity region |ypi| < 1.5 and the cut |xp| > 0.9 is
imposed on the outgoing protons.
overlap with each other, and similarly for the K+K− case. It is not easy to disentangle the
resonant and non–resonant contributions, and so our fit to the data can only be considered
as a guideline. In particular, the pi+pi− data are described to an acceptable degree out to
the available Mpipi ≈ 2 GeV (where there may still be some resonant contribution) with
and without the Poisson suppression (7), with the same choice of parameters as in Table 1.
Secondly, we can see that the three different form factors give comparable fits to the data,
with the possible exception of the exponential form factor when the Poisson suppression
is included, which appears to undershoot the pi+pi− data at higher Mpi+pi− . Moreover the
ISR data, which only extend out to Mpi+pi− ∼ 2 GeV (and similarly for the kaon case) are
insensitive to the higher k⊥ & 1 GeV behaviour of the form factors (4–6). Thus, the default
values in Table 1 can only be taken as very rough guides, and the ‘true’ values, and indeed
general behaviour of these form factors may be quite different, in particular at higher k⊥ (see
the discussion in Section 2.1).
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Figure 3: Invariant mass distribution for K+K− CEP at
√
s = 62 GeV, compared to CERN–
ISR data [52]. The theory curves are calculated as described in the text, using the three
different parameterizations of the meson form factor FM(tˆ) given in Section 2.1. The kaons
are restricted to lie in the rapidity region |yK| < 1.5 and the cut |xp| > 0.9 is imposed on the
outgoing protons.
4.2 Limits from CDF diphoton data
In [53] the observation of 43 γγ events with |η(γ)| < 1.0 and ET (γ) > 2.5 GeV, with no
other particles detected in −7.4 < η < 7.4 was reported, corresponding to a cross section
of σγγ = 2.48
+0.40
−0.35 (stat)
+0.40
−0.51 (syst) pb. In principle there could be some non–negligible
contamination to this data from exclusive pi0pi0 → 4γ production, with the photons in the pi0
decay merging or one photon being undetected, however this was determined experimentally
to be very small, with Fpi0pi0 = N(pi
0pi0)/N(γγ) < 0.34, at 95% C.L, and a best fit value of
zero observed contamination (Fpi0pi0 = 0). Here ‘N(pi
0pi0)’ is the number of the observed pi0pi0
events, and similarly for γγ. Once the difference in acceptance due to the pi0pi0 → 4γ decay is
accounted for, this may translate into a somewhat looser limit on the relative cross sections,
although this effect should not be too dramatic, as to first approximation the photons from
the decay of the very light pions will travel collinear to the original pion direction. This limit
is in agreement with the perturbative results of [4], which make the non–trivial prediction
that the perturbative contribution to flavour–non–singlet meson pair production (such as
pi0pi0) is dynamically suppressed, with in particular σ(pi0pi0)/σ(γγ) ∼ 1% within the CDF
event selection.
However, we should also determine whether the ‘non–perturbative’ approach described
above would predict any significant pi0pi0 contamination in the kinematic region relevant to
this CDF data. In Table 2 we show the results of this model for the three different choices
(4–6) of meson form factor described in Section 2.1. We take model 1 of [30] for the eikonal
survival factor, with no meson Reggeization included, and with the Poisson suppression
13
CDF (γγ) Pert. Exp. Orear Power
σ [pb] 2.48 0.01 0.01 30 500
Table 2: Cross section predictions for pi0pi0 CEP, with E⊥(pi
0) > 2.5 GeV, and |ηpi| < 1, cal-
culated within the Regge–based approach discussed in this paper, for the three choices (4–6)
of meson form factor described in Section 2.1. Also shown are the predictions of the pertur-
bative approach described in [4], and, for the sake of comparison, the CDF measurement [53]
of for γγ CEP within the same acceptance.
(7) included; if the Poisson suppression is excluded the resultant cross sections are larger by
almost an order of magnitude, leading to even stronger constraints on the meson form factors.
We can see immediately that the difference between these form factors is huge, spanning ∼ 4
orders of magnitude. The reason for this is that these predictions are sensitive to relatively
high E⊥ > 2.5 GeV values, where the difference in the form factors is huge (recall also from
(3) that the form factor enters to the fourth power in the cross section). Thus while the
ISR data, see Figs. 2 and 3, are only sensitive to relatively low value of the meson E⊥ (or
equivalently, transverse momentum k⊥) where the form factors are roughly similar in size,
these high E⊥ data provide a much more stringent constraint. In particular, we can see
that both the power and Orear form factors, at least taking the default slope parameters
of Table 1, are completely inconsistent with the observed CDF limit on pi0pi0 CEP in this
region. That is, ignoring acceptance effects for simplicity we have σ(pi0pi0) < 0.35σ(γγ) ≈ 0.8
pb, and with a best fit value that is consistent with zero. Although as discussed above the
true limit may be somewhat higher, this is nonetheless clearly much lower than the predicted
pi0pi0 cross sections for the Orear and power form factors.
Thus it appears that the CDF data tend to favour a ‘soft’ exponential behaviour (4) for
the meson factor, at least in this E⊥(pi
0) > 2.5 GeV, |ηpi| < 1 region. However, as we shall
comment below, new preliminary CDF data on pi+pi− CEP at
√
s = 900 and 1960 GeV,
presented in [27, 28], which extend out to Mpipi ∼ 5 GeV, and are therefore sensitive to a
slightly lower region of meson k⊥, appear in fact to favour the ‘Orear’ behaviour of (5),
and disfavour this exponential form factor. Clearly then this question of the behaviour of
the coupling of the Pomeron to the off–shell meson, which we have parameterized in the
simple forms given in Section 2.1, is an uncertain one. More generally we should expect
that, at sufficiently high meson k⊥, the perturbative approach described in [4–6] should be
relevant. As we have discussed above, this approach predicts a strong dynamical suppression
in the pi0pi0 CEP cross section that is not present at all in the non–perturbative model
considered here. At sufficiently high meson k⊥ this suppression should play a role, and
the simplified behaviour given by the form factors of (4–6) should break down. It seems
reasonable to assume that for the kinematic region probed by the CDF γγ data, for which
we have E⊥(γ) > 2.5 GeV, a perturbative approach should be applied; indeed, the measured
γγ cross section is in good agreement with the predictions of [7], which apply exactly such
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Figure 4: Differential cross sections for pi+pi− CEP at the LHC,
√
s = 7 TeV, with respect to
the pi+pi− invariant mass and transverse momentum of the pi+pi− system (note that in this
case the three curves are almost identical). The pions are restricted to lie in the rapidity
range |ypi| < 2.
an approach. Nonetheless, the question of when this transition to the ‘perturbative region’
should occur, in particular in the case of pi0pi0 CEP (and other flavour–non–singlets), for
which the pQCD–based approach predicts a strongly suppressed cross section, is an open
one, and we may hope that future collider data on meson pair CEP will shed further light
on this.
4.3 Predictions for high energy colliders
In this section we present some selected numerical predictions for pi+pi− and K+K− pro-
duction, for different c.m.s. energies and cuts on the final state particles, made throughout
using the new Dime MC [35]. We present predictions for the three choices of meson form
factor described above, with the default parameters given in Table 1: by comparing these
predictions with future collider data, we may for example hope to shed some slight on the
issues discussed in the previous section. We show in Figs. 4–6 cross section predictions for
pi+pi− CEP at the LHC (
√
s = 7 TeV) and Tevatron (
√
s = 1.96 TeV) collider energies, for
the experimentally most relevant rapidity regions. All of the predictions which follow include
the Poisson suppression of Section 2.2, and do not include any meson Reggeization. Soft
survival effects are calculated using model 1 of [30], however we note that the distributions
of the centrally produced particles which we will consider are highly insensitive to this choice
(we will see later on that there is some dependence when the distribution of the outgoing
protons is considered). Predictions for other c.m.s. energies and model parameters can be
readily made using the Dime MC: due to the energy dependence of the soft survival factor,
which suppresses the cross section more with increasing
√
s, see e.g. [30], we predict that
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√
s [TeV] 0.5 0.9 1.96 7 14
σ(pi+pi−) 28 23 20 17 16
σ(K+K−) 4.3 4.0 3.6 3.1 3.0
σ(ρ0ρ0) 0.29 0.28 0.26 0.26 0.25
Table 3: Cross sections (in µb) for pi+pi−, K+K− and ρ0ρ0 production at different
√
s values.
The pions/kaons are restricted to lie in the rapidity region |ηpi,K | < 2.5, while this cut is
imposed on the (pi+pi−) decay products of the ρ0.
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Figure 5: Differential cross section for pi+pi− CEP at the LHC,
√
s = 7 TeV, with respect
to the transverse momentum of the pi+. The pions are restricted to lie in the rapidity range
|ypi| < 2, and the additional cut of M(pi+pi−) > 2 GeV is made in the right plot.
the total meson pair CEP cross section will decrease gently with c.m.s. energy. This trend
can be seen in Table 3, where we show the predicted pi+pi−, K+K− and ρ0ρ0 cross sections
at five different experimentally interesting
√
s values, for the case that the pions/kaons are
restricted to lie in the rapidity region |ηpi,K| < 2.5 (in the ρ0 case this cut is imposed on
the pi+pi− decay products). These predictions are made using the ‘Orear’ form factor (5);
the pi+pi− cross section, integrated down to zero transverse momentum, is largely insensitive
to this choice, while there is some, O(10%) and O(50%), variation in the case of the higher
mass K+K− and ρ0ρ0 states, respectively. The predicted cross sections are very large, O(µb),
and so such processes represent very promising observables, even during low luminosity runs,
with in particular the potential for making observations in the presence of tagged protons at
CMS/ATLAS with the TOTEM/ALFA detectors being a very interesting possibility (see for
example [23, 24]).
In Fig. 4 we show differential cross sections for pi+pi− production at the LHC with respect
to the invariant mass and transverse momentum of the pi+pi− system. For this exclusive
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Figure 6: Differential cross sections for pi+pi− CEP at the Tevatron,
√
s = 1.96 TeV, with
respect to the pi+pi− invariant mass and transverse momentum of the pi+. The pions are
restricted to lie in the pseudorapidity range |ηpi| < 1.3.
process, the pi+pi− system recoils against the intact outgoing protons, and so this transverse
momentum distribution is driven by the proton form factors Fp(t) in (3). Thus the shape of
the predicted differential cross section is essentially independent of the meson form factor,
FM(tˆ), taken in the production subprocess. Any significant deviation from these distributions
for data selected without tagged protons (i.e. by rapidity vetoes within some acceptance
regions), in particular the observation of a broader p⊥ spectrum, may be evidence for a
non–exclusive proton dissociative contribution to the data. In the case of the invariant mass
distribution, there is a difference between the meson form factors, which becomes transparent
above Mpi+pi− & 2 GeV, to which the existing ISR data do not extend. This can also be
seen in Fig. 5, for the distributions with respect to the transverse momentum p⊥ of the pi
+
(chosen for definiteness, although of course the pi− distribution is completely equivalent), in
particular in the region beyond p⊥(pi
+) ≈ 1 GeV. We also show the case when an additional
cut M(pi+pi−) > 2 GeV is imposed: this would in general be preferable in order to ensure we
are safely away from the resonant region, and so isolate the non–resonant contribution. In
Fig. 6 we show similar distributions, but for the Tevatron (
√
s = 1.96 TeV), while in Fig. 7
we show results for K+K− and ρ0ρ0 production at the LHC, and the conclusions are the
same.
The different form factor predictions can be further distinguished by considering the
distribution of the meson (pi+, K+...) transverse momentum in the meson pair rest frame,
so that any contribution due to the non–zero p⊥ of the meson pair (or equivalently, the
outgoing protons) is subtracted. In Fig. 8 we show predictions for this at the LHC,
√
s = 7
TeV, for pi+pi− production, and we find that, in particular for the exponential meson form
factor, which has the softest predicted p⊥ distribution, the difference between the form factor
predictions is increased. More generally, it is preferable to consider such a variable as it is
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Figure 7: Differential cross sections for K+K− and ρ0ρ0 CEP at the LHC,
√
s = 7 TeV,
with respect to the meson pair invariant mass. The kaons and ρ0 decay products (pi
+pi−) are
restricted to lie in the rapidity range |y| < 2.
independent of the proton p⊥ distribution (which is dependent on the proton form factors
Fp(t)) and so it will only be driven by the physics of the meson pair production subprocess,
i.e. the choice of meson form factor.
Another observable which can be highly sensitive to the choice of meson form factor FM(tˆ)
is the angular distribution of the mesons in the pair rest frame. Higher values of the meson
transverse momentum p⊥ are disfavoured, and so larger values of the pair invariant mass
will be preferentially produced by large rapidity separations between the mesons, where the
corresponding meson p⊥ is minimized. Such a configuration is equivalent to higher values
of | cos θ| in the meson pair rest frame, and so we will expect this behaviour to affect the
meson angular distributions in a MX dependent way, with the precise quantitative predic-
tion depending on the choice of FM(tˆ). A particularly transparent way to examine the mass
dependence of these distributions is to consider the expectation values of the Legendre poly-
nomials Pl(cos θ), and so in Fig. 9 we show this for pi
+pi− production at
√
s = 1.96 TeV for
the two lowest non–trivial l = 2, 4 cases6 (note that the predicted angular distributions are
even in cos θ and so the odd l contributions vanish), using the three choices of pion factor
given in Section 2.1. The difference between the form factors is immediately clear, and thus
such observables may prove very useful in distinguishing between these choices (we also find
that these distributions are largely unaffected by the soft survival factor). We note that pre-
liminary measurements of these distributions by the CDF collaboration have been presented
in [27,28], and these are in quite encouraging agreement with the predictions of Fig. 9 (which
apply the same cuts on the pions as in the CDF analysis) for the case of the ‘Orear’ (5) form
6In Fig. 9 the angle θ is defined with respect to the beam axis, in the pi+pi− rest frame. It is also possible
to consider a related observable, defined with respect to the incoming Pomeron/Reggeon exchange, however
this cannot be determined experimentally in the absence of proton tagging.
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Figure 8: Differential cross sections for pi+pi− CEP at the LHC,
√
s = 7 TeV, with respect
to the transverse momentum of the pi+ in the pi+pi− rest frame. The pions are restricted to
lie in the rapidity range |ypi| < 2.
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Figure 9: Expectation values of the l = 2, 4 Legendre polynomials Pl(cos θ), where θ is
the angle of the pi+ with respect to the beam axis, in the pi+pi− rest frame. The predictions
shown correspond to
√
s = 1.96 TeV and for the additional cuts p⊥(pi) > 0.4 GeV, |η(pi)| < 1,
|y(pi+pi−)| > 1.0 imposed, as in [27, 28].
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√
s [TeV] 0.5 0.9 1.96 7 14
model 1 15 13 10 7.6 6.4
model 2 23 21 17 13 11
model 3 15 14 12 10 8.8
model 4 15 14 12 9.1 7.9
Table 4: Soft suppression 〈S2eik〉 (in %), defined in (17), and calculated using the four soft
models described in [30], for pi+pi− CEP at different c.m.s. energies. The pions are restricted
to lie in the rapidity region |ypi| < 2.5.
factor7 (there is good agreement as well for the higher l = 6, 8 terms, which are found to
be small in the data). While this data appears to favour such a form factor, we recall from
Section 4.2 that such a form factor appears to be in strong conflict with the earlier CDF
limit [53] on pi0pi0 CEP for E⊥(pi
0) > 2.5 GeV and |ηpi| < 1.
Finally, we consider in more detail the effect of the soft survival factor, see section 2.5,
on the cross section predictions. In Table 4 we show predictions for the average suppression
factors 〈S2eik〉, defined in (17)8 by which soft survival effects will suppress the total pi+pi− cross
sections with |ypi| < 2.5. We show these for four different soft models described in [30] (see
Section 2.5). As discussed in [30], these models corresponds to different input parameters and
parameterizations of the Pomeron coupling to Good–Walker eigenstates, and these all provide
a good description of the available soft hadronic data on elastic and diffractive scattering.
On the other hand, we can see that the predictions for the survival factor vary by as much
as a factor of 2 between these model choices, demonstrating the uncertainty in the current
models of soft physics.
We may also consider what additional information can be provided on the soft survival
factor by measuring the momenta of the outgoing intact protons. It is in particular interesting
to consider the distribution in the azimuthal angle between the p⊥ vectors of the outgoing
protons (see for instance [44, 49, 50]) which is in general sensitive to both the structure of
the production subprocess and spin/parity of the centrally produced state, as well as soft
7We note in passing that one interesting measurement reported in [27, 28] is a new limit on the χc0 CEP
cross section, via the χc0 → pi+pi−, K+K− channels, of dσ/dy|y=0(χc0) . 20 nb at 90% confidence. This
appears to suggest a somewhat larger contribution from the higher spin χc(1,2) states to the χcJ → J/ψγ
combined CDF cross section measurement of [54] than that predicted in [7], and a similar trend is also seen
in the preliminary LHCb data [55]. To further clarify this issue we note that an observation of χc0 → pi+pi−
may be possible if an additional constraint is imposed on the minimum pion p⊥ (see also [14]) or, equivalently,
maximum | cos θ|; while the form factor FM (tˆ) will lead to a preference for larger cos θ values as Mpi+pi− is
increased, the isotropic χc0 decay distribution will not, and so by requiring | cos θ| < 0.6 (say) the continuum
background will be reduced preferentially, and an increased S/
√
B may be achievable.
8More precisely, it is Eq. (11) of [30] which is used. We note that the averaged survival factors quoted
here cannot be used directly to give the relative cross section predictions for the different models of [30], as
the ‘bare’ cross section itself, i.e. the denominator of this Eq. (11), also depends on the model choice through
the different couplings of the Pomeron to the Good–Walker eigenstates in each model.
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Figure 10: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the
√
s = 13 TeV LHC, for the four soft models of [30].
Results are also shown for different cuts on the magnitude of the proton p⊥, and for a cut
|ypi| < 2 on the centrally produced pions. For display purposes the predictions are normalized
in the first φ bin, to the model 1 predictions.
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Figure 11: Differential cross section dσ/dφ, where φ is the azimuthal angle between the
outgoing proton p⊥ vectors, at the
√
s = 13 TeV LHC, with soft survival effects omitted.
Results are shown for the four choices of cuts shown in Fig. 10, and for a cut |ypi| < 2 on the
centrally produced pions. For display purposes the predictions are normalized in the first φ
bin, to the prediction where no cuts are applied to the outgoing protons.
survival effects. In Fig. 10 we show this distribution at the LHC (
√
s = 13 TeV) for the
four different soft models described in [30]. While for the full cross section it appears that
there is only a fairly small difference in shape between the different models, once cuts are
placed on the magnitude of the proton p⊥, this difference becomes more apparent. Moreover,
we can observe a very distinct ‘diffractive’ dip structure, with the distributions reaching a
minimum at a particular value of φ. This is a consequence of the destructive interference
between the screened and bare amplitudes in (16), which becomes particularly pronounced
at higher proton p⊥, corresponding to a less peripheral interaction where survival effects are
stronger. For a particular value of φ this interference is strongest, resulting in the observed
minimum in the φ distribution (such an effect was predicted in [44], see also [49,50]). For the
sake of comparison, in Fig. 11 we show the φ distributions for these different cuts, without
survival effects included (i.e. simply taking the ‘bare’ amplitude of (3)), and we can see that
this dip behaviour disapears completely. As the form of the screened amplitude depends
on the particular soft model, we may expect the position and depth of this minimum to be
sensitive to this, as well as depending on the particular cuts imposed on the proton p⊥. In
fact, it appears from Figs. 10 that the position of the minimum does not depend too strongly
on the choice of model, but nonetheless the overall shape of the φ distribution does show
some variation. We note that these distributions are largely independent of the details of
the meson production subprocess (i.e. the shape taken for meson form factor, although for
completeness we note that the exponential form factor (4) is taken here), and so represent
a potentially unique handle with which to test the different available models for soft proton
interactions. For this reason, the observation of, for example pi+pi− and/or K+K− CEP with
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tagged protons would provide valuable insight into this issue.
5 The effect of proton dissociation
As discussed in the introduction, a LRG veto on additional particles in a certain rapidity
region is commonly used to experimentally select exclusive events. However, without tagging
the outgoing intact protons it is impossible to guarantee that these will be purely exclusive,
and there will always in general be some contamination from events where either or both pro-
tons dissociate. It is therefore crucial to understand how important such a contribution will
be when comparing any data selected with a LRG veto with the purely exclusive prediction
presented here.
To evaluate the size of this possible contamination at the LHC, we can use the recent
HERA measurements, by the H1 collaboration, of the elastic and proton–dissociative cross
sections for the photoproduction of J/ψ mesons [56] as a guide. In this case, it is found that
the ratio of proton-dissociative (pd) to elastic cross sections is quite large, with σpd/σel ∼ 0.9,
for a proton–dissociative system Y of mass MY < 10 GeV. If we now consider the LHC, the
range of allowed MY can be estimated by considering the case that the final–state particles
in the dissociative system have some average transverse momenta 〈k⊥〉, for which the system
spans a rapidity [57]
∆η ≈ ln
(
M2Y
〈k⊥〉mp
)
. (19)
Taking a sensible value for the transverse momentum 〈k⊥〉 ∼ 1 GeV, and a typical LHC
central detector coverage out to η = 5, i.e. an uninstrumented ∆η ≈ 4 − 4.5 for √s =
7 − 14TeV, then gives MY . 7 − 10 GeV. The H1 data therefore corresponds to a very
similar region of MY , and suggests that the admixture of proton–dissociative events at the
LHC could be rather large, although to get a more realistic estimate a MC simulation of the
system Y , including the precise detector acceptances, would clearly have to be performed.
We recall that an analysis of low energy proton–proton data [58] suggests that the proba-
bility of a low mass, p→ N∗ dissociation is about 15%. In the case of high mass dissociation,
we can expect about a 10% contribution from secondary Reggeons (using the IPIPIR vertex
from [59]), while the remaining 75% must then be caused by the triple–Pomeron (IPIPIP )
term, which is in agreement with the estimates of [59].
In the case of low mass dissociation (i.e. the first 15% of the proton dissociative contri-
bution) we expect the distribution over the squared momentum transfer, t, and the impact
parameter, bt, to be more or less the same as in the pure elastic CEP case, as these distri-
butions are driven by the same baryon form factors. On the other hand, the contributions
described by the triple–Reggeon terms have a different structure, and are not concentrated
in the same regions of bt space. First, the size of the IPIPIP and the IPIPIR triple–Reggeon
vertices are smaller [59–61] than the proton size. This is seen for example, in the H1 mea-
surement of the slope in proton–dissociative events, bpd = 1.79 ± 0.12 GeV−2 [56], which is
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lower than that in elastic case, for which bel = 4.88 ± 0.15GeV−2. More importantly than
this is the fact that this dissociation is described by the one proton– Reggeon vertex, that
is by one power of the proton form factor, Fp(t), while the elastic cross section contains the
form factor squared Fp(t)
2. In other words, while proton dissociation is described by the
first power of the wave function, in the elastic exclusive process we deal with the proton
wave function (i.e. parton bt distribution) squared, and this contribution is concentrated at
much smaller values of bt, where the opacity, and thus the probability of additional inelastic
soft interactions, which may fill the rapidity gap, is larger. This was not a problem in the
case of photoproduction in ep collisions, studied by H1 [56], as here the effect of absorp-
tive corrections is very small. However the number of additional (multiple) interactions in
high–energy proton–proton collisions is large and we have to account for the role of the gap
survival factor, 〈S2eik〉 (see for more details, e.g. [1, 4, 30, 62]) to give a realistic account of
the exclusive and dissociative processes. Thus, to translate from the H1 result to the case
of proton–proton interactions we have to multiply the high mass contribution to σpd/σel by
the ratio of survival factors, rS = 〈S2eik(pd)〉/〈S2eik(el)〉. We must also account for the fact
that at the LHC the probability of low mass–dissociation is found to be smaller than at low
energies: according to the
√
s = 7 TeV measurement by the TOTEM [63], we should instead
take a value of 5% for this contribution. Such a change is expected theoretically due to the
increased importance of absorptive effects at the higher LHC energies as compared to the
fixed–target and ISR data.
To estimate the value of rS we write the single diffractive cross section, for a pair of
mesons of invariant mass MX produced at central rapidity, yX = 0, as
dσ
d lnM2Y dt
∝
∫
dt′ β(0) β2(t) g3P (t
′)
(
M2Y
s0
)α(0)−1(
s
M2X
)α(t)−1 ∫
dPS2
|Mh|2
sˆ2
, (20)
where t is the squared momentum transfer to the intact proton, β(t) is the Pomeron–nucleon
coupling,Mh is the hard IPIP → M3M4 amplitude (i.e. as given in (3) with the s13, s24 terms,
and proton form factors Fp(p
2
i⊥) removed), which we assume to be point–like and thus have
no effect on rS, and
∫
dPS2 indicates the M3,M4 phase space integration. t
′ is the squared
momentum transfer in the Pomeron loop between MY and the hard process |Mh|2, while we
have made the approximation that for centrally produced mesons the cross section scales like
∼ (1/ξ)2α(t)−2, where ξ =MX/
√
s is the momentum fraction transferred through the Pomeron
which connects the intact proton to the hard process9. We use the recent two–channel soft
interaction model of [30] together with the t–slope measured by H1 in proton–dissociative
9Strictly speaking, this scaling is not consistent with the behaviour of (3), for which e.g. s13/s0 ∼
MX
√
s/s0 and not ∼ 1/ξ =
√
s/MX for centrally produced mesons. Rather, we find this behaviour if
we make the arguably more physically reasonable assumption that the correct Regge scaling variable is
s13/(|tˆ|+ s˜0), where tˆ corresponds to the off–shellness of the t–channel meson exchange, as in (3), and s˜0 is
an undetermined soft scale. This is reminiscent of the s/M2 scaling we find for high–mass dissociation, and
is consistent with the (cos θt)
α(t) behaviour we expect from Regge theory, where θt is the usual t–channel
scattering angle. However, the effect of including this scaling in (3) can be largely, although not completely,
absorbed into a redefinition of the off–shell meson form factor and reasonable choice of s˜0, and moreover there
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(MX ,MY ) [GeV] (3,5) (3,10) (10,5) (10,10)
rS 1.68 1.86 1.88 2.08
Table 5: Ratios rS = 〈S2eik(pd)〉/〈S2eik(el)〉 of the soft survival factors for single proton disso-
ciative and pure exclusive production of a state X , of mass MX and rapidity yX = 0, and
for a mass MY of the dissociation system. Values are shown for the model 3 of the soft
proton interactions described in [30], and with multi–Pomeron vertices gnm = G3P (λgN)
n+m−3
included.
events [56]. In general the value of rS will depend on MX , yX and MY , due to the non–
zero slope of the Reggeon trajectory, which will affect the bt distribution of the amplitude
differently depending on the available rapidity intervals. We therefore present in Table 5
estimates for some representative values of MX and MY , assuming yX = 0 for simplicity. We
use model 3 of [30] (which gives an intermediate prediction for the different model choices)
for the sake of concreteness and, as well as the triple–Reggeon vertex, G3P = g
1
2, we allow
for multi–Pomeron vertices gnm = G3P (λgN)
n+m−3, which will provide an additional source
of screening corrections in proton–proton interactions, when compared to the HERA case.
Taking other versions of the model in [30] gives values which differ by as much as ±20%, while
excluding multi–Pomeron vertices decreases rS by ∼ 30− 40%. These values also depend on
the slope of the Pomeron trajectory, for which we use α′P = 0.25 GeV
−2.
Thus we can see that while there is some reasonable uncertainty and model–dependence
in the precise value, the expected enhancement rS in the proton dissociative contribu-
tion is quite large, with some gentle increase expected at higher MX and/or MY . Very
roughly, if we ignore any differences between the mass MY probed at HERA and the LHC
(which, as discussed above, are expected to be similar), and we take the value rS = 1.7
and the HERA measurement of σpd/σel ∼ 0.75 for high mass dissociation then we expect
σpd(LHC)/σel(LHC) ≈ 1.5 rS ≈ 2.5, where we have multiplied by 2 to account for the fact
that either proton can dissociate (i.e. assuming the unistrumented regions are symmetric
in rapidity, which is not the case at e.g. LHCb), and we have ignored the small contribu-
tion from low–mass dissociation for simplicity. While this estimate is clearly quite rough, it
demonstrates that the contribution from proton dissociation to the current LHC measure-
ments is nonetheless expected to be quite large10. This contamination is expected to be
is a significant uncertainty and freedom in how to include such a tˆ dependence when |tˆ| . s˜0. Nonetheless,
measurements of central meson production, with and without proton dissociation may be sensitive to such
differences. We take this form of the scaling in (20) because we believe it will give a more accurate prediction
for the MX dependence of rS , although taking the scaling as in (3) only leads to a ∼ 20% differences for
experimentally relevant values of MX .
10As discussed in [14] the addition of Forward Shower Counters [64, 65], which were recently installed
by CMS and successfully used in TOTEM + CMS measurements [20–22], would allow the contribution
from events with comparatively high mass and of a large fraction of events with the low–mass diffractive
dissociation to be excluded. The Zero Degree Calorimeters (ZDC), which detects neutral particles in the
forward direction, see [64–66], could also be used during low–luminosity LHC runs to further exclude such
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even larger for processes which are dynamically suppressed in the purely exclusive case by
the JPz = 0
+ selection rule: for example, as discussed in [14], the relative contribution from
higher–mass dissociation to χc(1,2) events selected with a LRG veto (as in [55]) is expected
to be enhanced when compared to the χc0 case due to the Jz = 0 suppression of the χc(1,2)
CEP cross sections. However, it is also worth recalling that in the case of higher–mass proton
dissociation which, as described above, is expected to give the dominant source of contamina-
tion to exclusive events, the momentum transferred to the proton is relatively large, leading
to a comparatively high transverse momentum, pX⊥, of the centrally produced system, and
this fact can be used to reduce or subtract such dissociative contamination, e.g. by simply
placing a cut on higher values of pX⊥.
Finally, we recall that at the Tevatron, previous CDF run II studies (see e.g. [53, 67] for
earlier references), for which the events were also selected using a LRG veto, had a nearly full
rapidity coverage, and so the contribution from events with unseen proton dissociation was
practically negligible. In the new measurement [27, 28] of central pi+pi− production, where
the rapidity coverage is not quite as extensive, the contribution from such events may be
somewhat more important, although should still be quite small. In particular the unistru-
mented rapidity region ranges from ∆η ≈ 1−1.7 for √s = 900−1960 GeV, corresponding to
MY . 1.5−2.2 GeV. Such low mass dissociation should only give a small ∼ 20% contribution
to the purely exclusive events. Indeed, for
√
s = 900 GeV the rapidity interval is particularly
small, and so such dissociation should be nearly absent.
6 Conclusion
In this paper we have presented a detailed analysis of central exclusive meson pair production
within the framework of Regge theory, as depicted in Fig. 1. Such an approach is expected
to be relevant at lower values of the meson transverse momentum k⊥ and/or pair invariant
massMX , and may be particularly important for the case of flavour–non–singlet mesons (pipi,
KK...), for which the perturbative contribution is expected to be dynamically suppressed,
see [4]. We have provided a detailed description of a phenomenological model for such
processes, which on the one hand applies the well–established tools of Regge theory, but
on the other is still currently somewhat unconstrained in its key ingredients. Such a model
compares well to the existing ISR data on exclusive pi+pi− and K+K− production [51,52], but
the new preliminary CDF data on pi+pi− CEP at
√
s= 900 and 1960 GeV, presented in [27,28],
as well as the forthcoming data from CMS [19], CMS+Totem [20–22], ATLAS+ALFA [23,24],
RHIC [25] and LHCb [26] represent a new and potentially extensive test of this approach.
This continuum production process also represents an irreducible background to the CEP of
resonant states (f0, f2, χc(0,2)...) via two–body decays to mesons.
Motivated by this, in this paper we have implemented this phenomenological model in
the new public Dime Monte Carlo [35] for meson pair (pipi,KK, ρρ) CEP. We give the user
dissociative events.
26
freedom to set the most important, and not fully constrained, aspects and parameters of the
model, so that these can be compared with and constrained by future data. We also include
the soft survival factor at the fully differential level, which (as described in e.g. [7]) is crucial
to give a complete prediction, in particular when considering the distribution of the outgoing
intact protons.
In Section 4 we have used this MC to make detailed numerical predictions for the Teva-
tron and LHC, demonstrating how different observables may be used to further test and
constrain the phenomenological model. We have also shown that the distribution in az-
imuthal angle between the outgoing protons is highly sensitive to soft survival effects, with
striking ‘diffractive dips’ appearing when various cuts are placed on the proton p⊥. In this
way, measurements of exclusive meson pair production with tagged protons may be used
as a novel probe of the models of hadronic interactions used to calculate the soft survival
factors. Such measurements are possible at the LHC, with the CMS+Totem [20–22] and
ATLAS+ALFA [23, 24] during special low luminosity running conditions, and are already
begin made at RHIC by the STAR collaboration [25].
In [4,5] it was shown how meson pair CEP may be modelled in a pQCD based framework,
which should be relevant at sufficiently high meson transverse momentum k⊥. Such an
approach leads to many non–trivial predictions and displays some remarkable theoretical
features, as summarized in [6]. However, as the meson k⊥ decreases, we would not expect to
trust such an approach, and so we must instead consider a more model–dependent formalism,
as described in this paper. Nonetheless, this model, while not firmly grounded in QCD, still
presents an interesting and rich phenomenology, which is beginning to be explored with new
analyses from the Tevatron and forthcoming data from the LHC and RHIC. More generally,
we may hope in the future to experimentally probe the transition between these two regimes,
an issue which still remains unclear. In the context of the model discussed in this paper, this
transition is highly sensitive to the form factor for the coupling of Pomeron to the meson
pair production subprocess. We have seen how the preliminary CDF measurement [27,
28] of pi+pi− production seems to be described better by an ‘Orear’ type form factor (∼
exp(−bk⊥)). On the other hand we have also shown that such a form factor, which falls
relatively gently with the meson k⊥ in comparison to the standard ‘soft’ exponential behaviour
(∼ exp(−bk2
⊥
)), tends to predict a pi0pi0 cross section at higher k⊥ that is in strong conflict
with the CDF measurement of γγ CEP [53], and corresponding limit on pi0pi0 production.
Further measurements will therefore be crucial in further clarifying this uncertain question.
The central exclusive production of meson pairs therefore represents a process of much
phenomenological interest, which can shed light on both perturbative and non–perturbative
aspects of QCD. Moreover it is of particular experimental relevance, with a range of forth-
coming and existing hadron collider data to consider. In this paper we have provided the
tools for a more in depth comparison of the existing theory with such data, and in this way
to shed further light on this interesting process.
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